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Energía	 Cero”	 (Zero	 Energy	 Buildings).	 Para	 permitir	 tal	 desarrollo,	 resulta	 vital	
promover	 la	 investigación	 en	 técnicas,	 modelos	 y	 estimación	 del	 recurso	 solar	
disponible.	 Por	 otra	 parte,	 a	 nivel	mundial	 todavía	 es	muy	 incipiente	 la	 regulación	
técnica	que	orientada	hacia	la	optimización		del	rendimiento	energético	en	BIPV.	En	
este	trabajo	de	investigación	se	crearon	nuevos	modelos,	herramientas	y	propuestas	







angulares,	 pérdidas	 por	 polvo,	 	 las	 pérdidas	 por	 temperatura,	 y	 las	 pérdidas	 de	




y	 su	 resultado	 es	 equivalente	 a	 realizar	 una	 simulación	 compleja,	 mediante	 un	
procesamiento	computacional	que	implica	más	de	20.000	cálculos.	
	
En	 la	 segunda	 parte	 se	 propuso	 una	 metodología	 para	 formular	 normas	 técnicas	
internacionales	 para	 la	 BIPV.	 El	 objetivo	 de	 esta	 normativa	 es	 establecer	 valores	
máximos	permitidos	para	las	pérdidas	por	sombreado	y	orientación	en	proyectos	de	
BIPV,	 tomando	 como	punto	de	partida	 a	 España.	Así	mismo,	 	 se	 realizó	 	 el	 caso	 de	
estudio	para	ciudades	de	Colombia,	mediante	un	análisis	comparativo.		
	





modelos	 encontrados	 se	 propuso	 un	 procedimiento	 a	 usar	 como	 paso	 inicial	 en	 el	
proceso	de	diseño	y	dimensionado	de	proyectos	BIPV,	antes	de	calcular	el	potencial	













Solar	 Photovoltaic	 Integration	 in	 Buildings,	 better	 known	 as	 Building	 Integrated	

















quality	 of	 the	 components,	 among	 others.	 In	 order	 to	 solve	 this	 problem,	 different	
methods	have	been	proposed	to	predict	the	influence	of	the	different	variables	on	the	










that	 range	 between	 0.42	 and	 0.81	 [8].	 This	 is	 coherent,	 as	 the	 performance	 of	 the	
photovoltaic	modules	depends	on	the	ambient	temperature	of	the	place	of	the	facility.	




Another	 important	 factor	 that	 prevents	 the	 use	 of	 a	 generalized	 PR	 for	 BIPV	
applications	are	the	energy	losses	caused	by	the	tilt	and	orientation	of	the	generator	
plane.	Their	origin	 lies	 in	the	 fact	 that	sun	 light	 is	reflected	more	when	the	angle	of	











have	 a	 simple	method	 that	 could	 be	 used	 by	 architects	 and	 engineers.	 This	 is	 very	
important	as	many	countries	need	to	expand	photovoltaic	solar	energy.	In	Colombia,	
for	example,	non-grid	connected	areas,	that	is,	places	that	are	not	connected	to	power	
grid	 by	 means	 of	 the	 Sistema	 de	 Interconexión	 Nacional	 (Colombian	 power	 grid)	
account	for	nearly	52%	of	national	territory	[9].	Furthermore,	it	 is	recommended	to	




a	 photovoltaic	 system	 in	 BIPV	 is	 discussed.	 Therefore	 a	 new	 simple	 and	 reliable	
mathematical	expression	was	developed,	which	can	be	used	in	low-latitude	countries.	
This	was	achieved	by	a	thorough	analysis	in	different	cities	of	angular	and	dirt	losses,	
temperature	 losses,	 and	 DC-AC	 conversion	 losses.	 The	 obtained	 model	 allows	
estimating	 the	 Performance	 Ratio	 (PR)	 with	 only	 4	 input	 parameters:	 the	 average	
ambient	 temperature	 of	 the	 city,	 latitude,	 and	 the	 tilt	 and	 orientation	 angles	 of	 the	
plane	 of	 the	 photovoltaic	 generator.	 The	 equation	 has	 a	 high	 degree	 of	 precision,	
confines	more	than	40	equations	into	one,	and	its	result	is	equivalent	to	performing	a	






and	 azimuth	 was	 first	 calculated.	 The	 method	 used	 to	 calculate	 the	 annual	 solar	
irradiation	 on	 tilted	 surfaces	 is	 described	 in	 detail	 below.	 Only	 the	 global	 solar	






include	 the	 dependency	 on	 those	 parameters.	 Once	 the	 daily	 components	 of	 global	
radiation,	Ddm(0)	and	Bdm(0),	were	obtained,	their	respective	hourly	values,	Dh(0)	and	
Bh(0)	 were	 calculated.	 This	 has	 been	 done	 by	 using	 the	 expressions	 proposed	 by	
Collares	 –	Pereira	&	Rabl	 [12].	The	 following	 set	was	 to	 calculate	 the	hourly	 global	
irradiation	 on	 the	 surface	 of	 the	 generator	 Gh(β,α).	 Then	 it	 was	 used	 the	 three-
component	model,	which	has	proven	to	be	quite	accurate	[13],	and	establishes	that	the	
incident	radiation	is	made	up	of	direct	Bh(β,α),	diffuse	Dh(β,α),	and	reflected	Rh(β,α)	
radiation.	 There	 are	more	 than	 20	models	 in	 the	 literature	 to	 calculate	 the	 diffuse	
component	on	the	tilted	surface.	The	Hay-Davies	 isotropic	model	was	selected,	as	 it	









component	 DI(β,α)	 from	 the	 whole	 celestial	 semi-sphere.	 Both	 components	 have	 a	
statistical	weighting	according	 to	 the	anisotropy	 index	k1.	To	calculate	 the	reflected	






The	 angular	 losses	 and	 losses	 due	 to	 dirt	were	 then	 calculated.	With	 the	 corrected	
irradiance	amount	and	the	ambient	temperature,	the	input	power	at	each	photovoltaic	
module	was	calculated	[18],	thus	establishing	the	temperature	losses.	The	losses	in	the	


























































[22]	 and	 Indonesia	 [23].	 The	 obtained	 values	 are	 consistent	 with	 those	 reported	 for	





In	 the	 second	 part	 of	 this	work,	 a	methodology	 to	 establish	 international	 technical	
standards	for	the	BIPV	is	proposed.	The	objective	of	this	regulation	is	to	limit	the	losses	
due	 to	shading	and	orientation	of	 the	construction	surfaces,	 taking	as	 reference	 the	
country	of	Spain.	The	case	study	is	also	carried	out	for	Colombia,	making	a	comparative	
analysis	 for	 different	 cities.	 In	 1998,	 the	 International	 Electrotechnical	 Commission	
(IEC)	 published	 the	 IEC	 61724	 International	 Standard	 [24].	 The	 annual	 energy	
produced	for	Photovoltaic	Applications	Connected	to	the	Electricity	Grid	according	this	
standard	can	be	estimated	using	an	equation.	That	relation	includes	the	annual	solar	
irradiance	on	 the	surface,	 taking	 into	account	 the	 losses	due	 to	shading.	 In	order	 to	
calculate	 this	 magnitude,	 it	 should	 be	 included	 both	 Irradiation	 Factor	 FI	 and	 the	
Shading	factor	FS,	that	limits	the	final	energy	in	the	field	of	the	BIPV.		However	the	IEC	
61724	document	does	not	refer	to	them	and	does	not	propose	allowed	limits.	This	is	








































latitudes	 (the	 generator	 is	 facing	 south).	 According	 to	 the	 CTE,	 the	 losses	 from	
orientation	and	 tilt	 on	any	 surface	 for	BIPV	cannot	exceed	40%	 for	 fully	 integrated	
systems.	This	surface	was	named	the	worst	permissible	frontage.	Then,	this	frontage	
was	 “transferred”	 to	 Place	 2.	 To	 establish	 the	 maximum	 loss	 percentage	 on	 each	





















hypothetical	 case,	 the	 radiation	 no	 longer	 received	 would	 be	 equal	 to	 the	 direct	
radiation	 Ba(0),	 plus	 the	 circumsolar	 diffuse	 radiation	 DaC(0);	 both	 measured	 on	 a	
horizontal	surface.	
	
Data	used	 for	 this	part	 the	study	have	been	obtained	 from	RETScreen	 International	
[26],	which	is	funded	by	Natural	Resources	Canada.	This	database	is	supported	by	6700	
land	weather	stations	and	by	NASA	satellites,	which	cover	 the	whole	of	 the	planet’s	
surface.	 Solar	 global	 radiation	 data	 have	 been	 obtained	 for	 20	 cities	 in	 Colombia.	
Moreover,	data	from	the	Atlas	de	Radiación	Solar	en	España	(Solar	Radiation	in	Spain	
Atlas)	[27],	published	by	the	Spanish	State	Meteorology	Agency	were	used	[28].	The	























equations	 and	 data.	 That	 tool	 would	 facilitate	 the	 design	 work	 for	 architects	 and	



















In	 summary,	 pre-classification	 of	 facades	 in	 BIPV	 has	 several	 potential	 advantages.	
First,	it	allows	architects	and	engineers	to	quickly	assess	possible	energy	efficiency	in	
each	 facade.	 Therefore,	 it	 is	 possible	 to	 do	 rapid	 estimates	 of	 the	 incident	 solar	








The	 following	 procedure	 was	 proposed	 to	 establish	 the	 methodology	 for	 the	 pre-
classification	of	facades.		The	first	step	was	to	calculate	the	BIPV	potential	by	using	the	
solar	irradiation	factor.	One	of	the	fields	of	BIPV	is	to	guarantee	an	adequate	yield	from	




















of	 a	 proposal	 previously	 published	 for	 a	worldwide	 standard.	 In	 the	 case	 of	 a	 new	
building,	it	becomes	a	highly	useful	tool	for	the	architectural	design	as	it	is	an	easy	way	
to	determine	the	percentage	of	solar	energy	used	by	each	surface.	This	fact	introduces	
the	 sustainability	 concept	 as	 work	 criteria	 between	 the	 project	 architecture	 and	
engineering.	
	
The	 following	procedure	was	used	 to	prepare	 the	FI	 graphs.	The	amount	of	 annual	
average	 radiation	 that	 a	 surface	 receives	 according	 to	 its	 tilt	 and	 azimuth	was	 first	
calculated.	The	peak	of	 the	 graph	where	 the	 incident	 energy	 is	maximum	was	 then	
identified.	This	point	is	given	a	value	of	FI	=	1,	thus	determining	the	rest	of	the	graph.	












was	obtained	 for	each	pair	of	 coordinates	 (β,α).	 In	order	 to	obtain	a	highly	 reliable	
graph,	the	point	scan	suggested	by	Cronemberger	was	performed,	where	tilt	β	ranged	
between	0°	and	90°,	taking	Δβ	=	5°	[35];	and	the	orientation	α	between	−180°	and	180°,	








order	 to	 choose	 the	 most	 efficient	 ones.	 In	 the	 case	 of	 the	 roofs,	 the	 losses	 from	









near	 to	 the	 Equator.	 This	 fact	was	 to	 be	 expected	 as	 the	 irradiation	 percentage	 on	
vertical	surfaces	in	an	equatorial	country	is	minimum.	This	would	indicate	that	future	
legislation	should	enable	greater	losses	for	this	concept,	with	respect	to	the	Spanish	






irradiation	 on	 those	 surfaces	 range	 between	 25	%	 and	 55%	 of	 the	 amount	 on	 the	
optimum	surface.	The	maximum	FI	values	are	 for	 façades	 facing	east-west,	 i.e.,	with	
azimuth	values	of	−90°	and	90°.	
	




















In	 order	 to	 validate	 the	model,	 a	 comparison	with	 FI	 values	 obtained	 by	 using	 the	
PVWATTS®	web	site	[36]	and	the	equation	of	the	proposed	model	was	done.	That	tool	
was	developed	by	the	National	Renewable	Energy	Laboratory	of	United	States	NREL,	
and	 it	 is	 often	 used	 in	 photovoltaic	 projects.	 The	 validation	 procedure	 is	 described	
below.	First,	the	city	is	selected	in	PVwatts®.	Second,	a	system	size	was	set	at	1000Wp.	
Third,	 the	system	 losses	were	set	 to	a	given	value.	The	values	of	α	=	0,	β	=	βopt	 are	
introduced.	 Fourth,	 the	 result	 for	 Ga	 (βopt,	 0)	 was	 obtained.	 Fifth,	 the	 α	 values	 are	










The	 following	 procedure	was	 proposed	 to	 pre-classification	 a	 possible	 BIPV	 façade	
located	in	equatorial	countries.		First,	define	the	latitude	of	the	place	ϕ	and	orientation	
α	that	characterize	the	façade	of	the	building.	Second,	calculate	the	FI	irradiation	factor	









and	 engineers	 can	 calculate	 the	 complete	 BIPV	 potential,	 including	 the	 shape	 and	
shading	factors,	by	using	a	complex	software.	
	
The	 models	 developed	 in	 this	 thesis	 will	 serve	 as	 input	 to	 the	 design	 and	 sizing	



























6. Calculate	 the	Performance	Ratio	 for	 each	 façade,	with	 the	model	obtained	 in	
section	3.1.5	





9. Pre-classify	 the	 facades	 using	 the	 procedure	 explained	 in	 section	 3.3.5,	 and	
order	them	according	to	energy	efficiency.	




problem	of	determining	 the	performance	 ratio	 is	described	 in	 the	 first	 section.	The	
second	 section	 presents	 the	 theory	 and	 literature	 review.	 The	 methodology	 is	
described	in	section	third.	The	obtained	results	are	presented	and	discussed	in	section	
fourth.	The	fifth,	sixth,	and	seventh	sections	present	the	published	scientific	papers	of	


























































































3.1.7	  Uso	 del	modelo	 para	 la	 creación	 de	 la	 APP	 sobre	 edificios	 fotovoltaicos	
RAITSUN	..........................................................................................................................	43	






























































































































Entre	 las	 energías	 renovables,	 la	 energía	 solar	 fotovoltaica	 cada	 vez	 toma	 mayor	
protagonismo	 a	 nivel	mundial	 [38].	 Asimismo,	 debido	 a	 las	 restricciones	 espaciales	
características	de	las	ciudades	y	para	posibilitar	la	utilización	de	este	tipo	de	energía,	
resulta	 imprescindible	 instalar	 módulos	 fotovoltaicos	 sobre	 las	 fachadas	 de	 las	
edificaciones.	Debido	a	este	hecho	surgió	un	nuevo	sector,	denominado	Fotovoltaica	
Integrada	a	Edificios,	o	BIPV,	por	sus	siglas	en	inglés	Building	Integrated	Photovoltaics.		










Cero,	 o	 ZEB	 por	 sus	 siglas	 en	 inglés	 Zero	 Energy	 Buildings	 [1].	 Con	 la	 intención	 de	












	 ( 1)	EPV =



















En	 cuanto	a	 la	determinación	del	PR	en	 sistemas	de	BIPV,	 la	 tarea	 tampoco	 resulta	
trivial,	 ya	que	este	parámetro	es	 función	de	 la	 radiación	 solar	del	 lugar,	 el	 clima,	 el	
azimut	 e	 inclinación	 de	 las	 superficies,	 el	 diseño	 de	 la	 instalación,	 la	 calidad	 de	





en	 la	 energía	 producida	 por	 la	 instalación.	 Entre	 los	 más	 conocidos	 de	 carácter	










[8],	 a	 nivel	 global.	 Esto	 es	 lógico,	 ya	 que	 la	 eficiencia	 de	 los	módulos	 fotovoltaicos	






superficies	usadas	pueden	 llegar	a	 ser	bastantes	diferentes.	La	 razón	principal	para	
esto	radica	en	las	pérdidas	por	reflexión	angular,	o	tipo	Fresnel,	que	se	originan	debido	
a	 que	 luz	 solar	 se	 refleja	más	 a	 pequeños	 	 ángulos	 de	 incidencia	 con	 respecto	 a	 la	
superficie	del	módulo	fotovoltaico.	A	su	vez,	esta	variable	ocasiona	diferentes	valores	










Como	 conclusión,	 la	 gran	 cantidad	 de	 factores	 mencionados	 hacen	 muy	 difícil	 el	
predecir	el	PR	para	proyectos	BIPV.	Por	esto,	sería	muy	conveniente	que	los	arquitectos	





En	 la	 presente	 investigación	 se	 aborda	 esta	 problemática	 mediante	 la	 creación	 de	
modelos	 entendibles	 y	 confiables,	 que	 permiten	 predecir	 la	 cantidad	 de	 energía	
producida	en	sistemas	fotovoltaicos	integrados	a	edificios.	Estos	modelos	resultan	muy	
útiles	no	solo		en	la	predicción	correcta	de	la	energía	producida	por	el	futuro	sistema	
de	 BIPV,	 sino	 que	 	 a	 su	 vez	 se	 permiten	 calcular	 valores	 de	 referencia	 para	 la	
monitorización		y	mantenimiento	futuro	de	la	instalación.		
	
Todos	 los	 aportes	 de	 esta	 investigación	 se	 centran	 en	 facilitar	 la	 implementación	 y	
masificación	de	proyectos	de	BIPV	en	sus	etapas	iniciales,	promoviendo	la	generación	










constructiva	 presenta	 una	 eficiencia	 energética,	 dada	 por	 la	 relación	 entre	 la	
electricidad	producida	y	la	irradiación	solar	incidente.	Por	lo	tanto,	también	se	propone	





Finalmente,	 se	 propone	 una	 metodología	 para	 la	 pre-clasificación	 de	 fachadas	






















2. Caracterizar	 las	 diferentes	 superficies	 del	 edificio	 que	 son	 potenciales	 para	






3. Usar	 los	 gráficos	 del	 factor	 de	 irradiación	 para	 calcular	 las	 pérdidas	 por	
orientación	e	inclinación,	mediante	el	procedimiento	de	la	sección	3	del	capítulo	
6.	















9. Preclasificar	 las	 fachadas	mediante	 el	 procedimiento	 explicado	 en	 la	 sección	
3.3.5,	y	ordenarlas	según	la	eficiencia	energética.	





























































































de	 la	 fotovoltaica.	 Luego,	 se	 procedió	 a	 analizar	 los	 resultados	 y	 crear	 los	 nuevos	
modelos	 y	 normativas.	 En	 los	 puntos	 2.1.1	 hasta	 2.1.4	 se	 describe	 la	 metodología	
común	empleada	en	las	tres	publicaciones.	Por	otra	parte,	en	las	secciones	2.2	hasta	2.4	
se	describe	de	forma	global	la	parte	de	la	metodología	específica	que	concierne	a	cada	





Los	datos	de	 irradiación	solar	para	 las	ciudades	 fue	el	RETScreen	 International	[26],	









componentes:	 	 radiación	 difusa,	 Ddm(0),	 y	 directa,	 Bdm(0).	 Para	 esto	 se	 usó	 la	




esto	 se	 usaron	 las	 ecuaciones	 propuestas	 por	 Collares–Pereira	 y	 Rabl	 [12].	 A	
continuación	 se	 calculó	 la	 irradiación	 global	 horaria	 incidente	 en	 el	 plano	 del	






difusa	está	compuesta	por	 la	 suma	de	dos	componentes:	 la	 circunsolar	DC(β,α),	y	 la	
isotrópica	DI(β,α),	provenientes	directamente	del	sol	y	de	toda	la	semiesfera	celeste,	














90°,	 a	 incrementos	de	Δβ=1°.	El	azimut	se	 fijó	 igual	a	0°	o	180°,	dependiendo	si	 las	
ciudades	estaban	ubicadas	en	latitudes	positivas	o	negativas,	respectivamente.	Al	final	










Teniendo	 como	 insumo	 la	 irradiación	máxima	 anual	 para	 una	 determinada	 ciudad	





Δβ=5°	 y	 Δα=5°.	 Así	 se	 logró	 abarcar	 todas	 las	 superficies	 físicamente	 posibles.	









La	 irradiación	 global	 incidente	 en	 cada	 superficie	 fue	 corregida	 al	 incluir	 tanto	 las	
pérdidas	por	suciedad	como	las	angulares,	mediante	el	modelo	de	Martin-Ruíz	[18].	
Esta	 aproximación	 reproduce	 resultados	 reales	 [43]	 y	 establece	 que	 la	 irradiancia	
global	 horaria	 G’h(β,α)	 sobre	 el	 módulo	 fotovoltaico	 está	 conformada	 por	 cuatro	
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irradiación	solar	anual	 incidente	G’a(β,α).	Por	otra	parte,	para	calcular	 la	 irradiación	
solar	anual	Ga(β,α)	en	ausencia	total	de	pérdidas	angulares,	se	fijaron	los	valores	de	
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1.	La	 temperatura	mínima	ocurre	al	 amanecer,	 cuando	el	 ángulo	horario	es	 igual	 al	
ángulo	de	salida	del	sol,	ω=	ωs.	
2.	 La	 temperatura	máxima	ocurre	dos	horas	después	del	mediodía	 solar,	 cuando	 el	
ángulo	horario	es	igual	a	π/6.	
3.	Durante	el	día	 la	 temperatura	cambia	en	función	con	dos	semiciclos	de	 funciones	
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• Las	 pérdidas	 por	 errores	 de	 seguimiento	 del	 punto	 de	 máxima	 potencia	 se	
tomaron	iguales	a		6%,	o	LSPMP=0.06.	Esta	cifra	se	basa	en	reportes	de	más	de	
100	instalaciones	fotovoltaicas	[21].		







Por	 lo	 tanto,	 se	 sugiere	 evaluar	 detalladamente	 este	 concepto	 mediante	


















































El	 primer	 paso	 fue	 fijar	 como	 base	 la	 referencia	 del	 100%,	 de	 valor	 idéntico	 a	 la	
irradiación	anual	máxima	 incidente	posible,	Ga(βopt).	Una	vez	obtenida	Ga(βopt)	para	
cada	ciudad,	se	calculó	la	mínima	cantidad	de	irradiación	que	puede	recibir	una	fachada	
en	 España,	 Ga,MIN(90,0).	 Para	 este	 fin,	 según	 el	 Código	 Técnico	 de	 la	 Edificación	 de	
España,	las	pérdidas	por	azimut	e	inclinación	en	BIPV	no	pueden	superar	el	40%.	A	la	
superficie	 que	 se	 encuentra	 en	 éste	 límite	 se	 le	 denominó	 como	 la	 peor	 fachada	























de	Meteorología	 [28].	 Seguidamente	 se	 calculó	 el	 valor	 promedio	 de	 la	 fracción	 de	
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Ratio,	 según	 si	 el	 sistema	 fotovoltaico	 es	 promedio	 u	 óptimo.	 	 Esto	 depende	








Langular,min	 0.04	 0.03					 Zonas	lluviosas	[18]	
Linverter,min	 0.11	 0.05	 Muy	buen	inversor	[45]	
Lrating	 0.05				 0.03	 Módulos	excelentes	[52]	
Lmismatch	 0.03	 0.02	 Módulos	excelentes	[20]	
LSPMP	 0.06	 0.02	 Muy	buen	inversor	[53]	
Lohmic	 0.01	 0.005	 Sección		del	cableado	[20]		
Lshading	 0.07	 0.02	 Pocos	obstáculos	[54]	
Ldirtiness	 0.03	 0.02	 Zonas	lluviosas	[18]	
	
PRmax =  0,686− 0,0031 ºC
−1 ⋅Ta
( )( )( ) ( )
6
max temp,max angular,min inverter,min
1
1 1 1 1 i
i
PR L L L L
=
= - - - -Õ









































Con	 el	 fin	 de	 validar	 la	 anterior	 expresión,	 se	 compararon	 las	 pérdidas	 calculadas	
mediante	 la	 ecuación	 (24),	 con	 las	 pérdidas	 reportadas	 para	 sistemas	 reales.	 Los	
resultados	obtenidos	se	muestran	en	la	tabla	4.	Se	puede	apreciar	que	el	modelo	tiene	
un	alto	nivel	de	predicción.	Estas	pérdidas	son	para	el	caso	de	un	sistema	promedio,	











Tokio	 Japón	 100	 4%	 [21]	 4%	
Dublín	 Irlanda	 1	 0%	 [22]	 0%	
Sukatani	 Indonesia	 101	 8%	 [23]	 8%	









Para	 entender	mejor	 este	 efecto	 se	 graficaron	mapas	 de	 contorno	 del	 Performance	
Ratio,	en	función	de	la	inclinación	y	el	azimut.	Los	resultados	se	muestran	en	las	figura	
2.	
PRmax = ksist ⋅ 1+ γ 1,12 ⋅Ta −10ºC( )⎡⎣ ⎤⎦













Fig.	2.	Mapa	de	contorno	de	PR	para	a)	Leticia	(φ =	-	4,2°)	b)	Pasto	(φ = 1,2°).  
c)	Bogotá	(φ = 4,7°)	d)	Cúcuta	(φ = 7,9°).		
	
 
Se	 puede	 apreciar	 que	 todas	 las	 inclinaciones	 menores	 a	 30°,	 es	 decir,	 todas	 las	
cubiertas	 tienen	 un	 PR	 igual	 al	 máximo.	 Así	mismo,	 se	 presentan	 dos	máximos	 de	
rendimiento,	 para	 las	 orientaciones	 de	 -90°	 y	 90°.	 La	 principal	 causa	 de	 este	
comportamiento	radica	en	que	las	pérdidas	angulares	y	las	de	conversión	son	mínimas	
en	las	orientaciones	en	las	direcciones	este	y	oeste.	El	pico	en	α=-90°	es	mayor	que	para	



















al	 PR,	 para	 estimar	 la	 energía	 producida.	 Sin	 embargo,	 como	 ya	 se	 ha	 discutido,	 el	
adoptar	 esta	 práctica	 no	 resulta	 adecuado	 en	 el	 caso	 de	 BIPV,	 ya	 que	 los	 errores	
cometidos	podrían	llegar	a	ser	hasta	del	45%,	en	el	peor	de	los	casos.		
	
Por	 lo	 tanto,	 resulta	 necesario	 desarrollar	 una	 ecuación	 que	 reproduzca	 de	 forma	
aproximada	los	mapas	de	contorno	para	el	PR.	Con	este	objetivo	se	tiene	que,	para	un	
mismo	 PR,	 la	 gráfica	 tiene	 la	 forma	 aproximada	 a	 una	 suma	 de	 dos	 funciones	
gaussianas,	 cuya	 amplitud	 y	 ancho	 varían	 con	 la	 latitud.	 Además,	 hay	 un	




















en	 sistemas	de	BIPV,	y	que	 requiere	 sólo	4	parámetros	de	entrada:	La	 temperatura	













1 2 max0,0011 5 0,117
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ç ÷
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1 1,1  60A j= - × +
2 0,1  65A j= - × +
1,1  92W j= - × +































































3.2.	 Metodología	 propuesta	 para	 limitar	 las	 pérdidas	 por	





























mientras	que	 las	 líneas	 radiales	 se	 refieren	al	azimut.	La	 región	coloreada	de	verde	
cubre	 todas	 las	 posibles	 superficies	 de	 la	 edificación	 que	 cumplen	 con	 la	 norma	
propuesta,	contrario	a	las	que	se	encuentran	en	la	región	roja.	
	
















































diferentes	 ciudades	 de	 Colombia	 (Lugar	 2).	 Se	 puede	 observar	 que	 la	 variación	 es	
mayor	que	en	España,	razón	por	 la	cual	se	decidió	proponer	ciudades	de	referencia	










































































































































































































































España.	 Esto	 se	 explica	 en	 el	 hecho	 de	 que	 Colombia	 tiene	 una	mayor	 fracción	 de	
radiación	difusa,	y	por	 lo	 tanto	se	puede	perder	una	menor	cantidad	de	 irradiación	





































































































































herramientas	 son	 muy	 útiles	 para	 encontrar	 fácilmente	 las	 pérdidas	 máximas	
permitidas	 debido	 al	 sombreado,	 inclinación	 y	 la	 orientación	 de	 sistemas	 en	 BIPV.	
Sirven	para	 futuras	regulaciones	en	cualquier	ciudad	de	un	país,	 solo	conociendo	 la	























































       
																										Fig.	10.	Gráfico	de	FI	para	Cali	(φ = 3.6°)                                       Fig.	11.	Gráfico	de	FI	Bogotá	(φ = 4.7°)     
	
        

























Con	 base	 en	 los	 datos	 de	 la	 figura	 14	 se	 desarrolló	 una	 expresión	 matemática.	 Se	

















( ) ( )2 20 00.0002 0.0002 0.386 0.0127facadesFI A Ae ea a a a j- - - += × + × + - ×
0.1329 0.01413A j= + ×




















La	 figura	15	fue	construida	con	el	 fin	de	verificar	el	grado	de	precisión.	Muestra	 los	


























Con	 el	 fin	 de	 validar	 el	 modelo,	 se	 realizó	 una	 comparación	 con	 los	 valores	 del	 FI	
obtenidos	 mediante	 el	 uso	 del	 sitio	 web	 PVWATTS®	 [36].	 Esta	 herramienta	 fue	
desarrollada	por	el	Laboratorio	Nacional	de	Energía	Renovable	de	NREL	de	Estados	
Unidos,	y	a	menudo	se	usa	en	proyectos	fotovoltaicos.	Se	escogió	esta	herramienta,	ya	



















funciona	 muy	 bien	 para	 lugares	 donde	 no	 hay	 estaciones	 meteorológicas,	
especialmente	 en	 ubicaciones	 por	 fuera	 de	 Estados	 Unidos.	 	 Por	 estas	 razones	





















































El	 siguiente	 procedimiento	 propuesto	 se	 utilizará	 para	 clasificar	 previamente	 una	
posible	fachada	BIPV	ubicada	en	países	con	bajas	latitudes:	
	




























































Leticia -4.2 4 1656 612,72 861,12    D E F  
 
Pasto 1.2 0 1488 624,96 773,76     E F  
 
Cali 3.6 2 1495 612,95 777,4     E F  
 
Bogotá 4.7 4 1743 819,21 906,36   C D    
 
Medellín 6.2 5 1643 624,34 854,36    D E F  
 
Cúcuta 7.9 8 1746 611,1 907,92   C D E F  
 
Barranquilla 10.9 13 1942 582,6 1009,84  B C D E F G 
 
San	Andrés 12.6 14 2078 561,06 1080,56  B C D E F G 
 
                   
Una	 vez	 que	 se	 ha	 realizado	 la	 clasificación	 previa	 de	 las	 fachadas	 potenciales,	 los	






















3.4	 Procedimiento	 propuesto	 para	 integrar	 los	modelos	 y	
herramientas	de	esta	investigación		
	








2. Caracterizar	 las	 diferentes	 superficies	 del	 edificio	 que	 son	 potenciales	 para	





3. Usar	 los	 gráficos	 del	 factor	 de	 irradiación	 para	 calcular	 las	 pérdidas	 por	
orientación	e	inclinación,	mediante	el	procedimiento	de	la	sección	3	del	capítulo	
6.	














9. Preclasificar	 las	 fachadas	mediante	 el	 procedimiento	 explicado	 en	 la	 sección	
3.3.5,	y	ordenarlas	según	la	eficiencia	energética.	
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c Department of Computer Languages and Sciences, ETSI Informática, Universidad de Málaga, Campus de Teatinos, 29071 Malaga, Spain
Received 24 February 2014; received in revised form 21 April 2014; accepted 22 April 2014
Available online 28 June 2014
Communicated by: Associate Editor Nicola Romeo
Abstract
The use of photovoltaic solar energy is a growing reality worldwide and its main objective is to meet electricity demand in a sustain-
able manner. The so-called Grid-Connected Photovoltaic Power Systems (GCPS) prevail in urban zones, together with Building-inte-
grated Photovoltaics (BIPV); whose performance and energy efficiency depends on different factors. The main aspects include those
related to the solar radiation available in the geographical location of the facility, the climate, the orientation and tilt of the used surfaces,
the appropriate design of the system and the quality of the components. Therefore, several methods have been proposed to try to predict
the influence of the aforementioned variables on the amount of electricity produced. However, the majority are very tedious to implement
or do not take the specific characteristics of the system into account.
This paper proposes a simple and reliable expression, which can be used in low latitude countries. The case study is likewise performed
for Colombia, with a comparative analysis for different cities of the angular losses and due to dirt, the losses due to temperature, the DC–
AC conversion losses and the Performance Ratio of the system (PR).
 2014 Elsevier Ltd. All rights reserved.
Keywords: Building-integrated Photovoltaics (BIPV); Performance Ratio (PR); Energy produced by a photovoltaic system; Performance of a photov-
oltaic system
1. Introduction
Photovoltaic solar energy is an excellent option to meet
the energy demands of the world population, by means of
generating electricity in a distributed manner (Pearce,
2002). Thousands of electricity generators have therefore
been installed using this process around the world. The
so-called Grid-Connected Photovoltaic Power Systems
(GCPS) prevail in urban zones and they meet the energy
needs of the building or housing unit, while the surplus
electricity produced is injected into the grid.
On the other hand, installing photovoltaic panels on the
surfaces of the buildings has become necessary due to the
spatial and economic restrictions. This has led to a highly
important and developed sector, Building-integrated
Photovoltaics (BIPV), where different construction elements
http://dx.doi.org/10.1016/j.solener.2014.04.030
0038-092X/ 2014 Elsevier Ltd. All rights reserved.
⇑ Corresponding author at: GIDTA Group, Research Group in Envi-
ronmental and Technological Developments, Universidad Católica de
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68782900x3300; fax: +57 68782937.
E-mail addresses: lmulcue@ucm.edu.co (L.F. Mulcué-Nieto),
llanos@lcc.uma.es (L. Mora-López).
www.elsevier.com/locate/solener
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h i g h l i g h t s
We proposed a methodology to calculate the maximum losses permitted in BIPV.
 The procedure can be used for any country, taking another as baseline.
 The maxim allowed losses due to tilt and orientation was 53%.
 Only frontages cannot be used for BIPV at latitudes under 7.
 The limits in shading for Colombia are lower than those for Spain.
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Energy produced by a photovoltaic system
Performance of a photovoltaic system
a b s t r a c t
Photovoltaic applications are implemented on a large scale in buildings, with a view to reducing global
warming sustainably, as well as to meet energy demand. Thousands of electricity generators have been
installed in this process around the world. However, very few countries have technical regulations that
enable the energy efficiency and yield to be optimised in building-integrated photovoltaics (BIPV). On
the other hand, all these normative should be a result of a serious study of the solar resource available
in each region.
This paper proposes a methodology to establish technical standards in order to limit the losses due to
shading and orientation of the constructed surface areas, where any country could be taken as bench-
mark. Colombia is also taken as a case study, by performing a comparative analysis for different cities.
 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Photovoltaic solar energy is an excellent option to cover the
energy demands of the world population, by means of generating
electricity in a distributed manner [1]. Two sectors of great impor-
tance and development are considered there: building-integrated
photovoltaics (BIPV) and building-applied photovoltaics (BAPV).
In the first, different construction elements such as roofs, frontages,
windows are replaced by photovoltaic modules allowing modules
having other functions in addition to being energy generators such
as reducing the cooling load of the windows and concrete walls [2],
while the second involves the already-constructed building.
Both the BIPV and the BAPV are the most elegant way of gener-
ating considerable fractions of urban electricity, as exclusive areas
do not need to be dedicated to photovoltaic plant facilities [3].
Furthermore, their application in urban design is of vital impor-
tance to meet the European Union targets for 2020 [4], where it
should be ensured there that all new constructions are ‘‘Zero
Energy Buildings’’ (ZEB) [5].
One of the main targets in the field of BIPV is to attain optimum
technical, economic and aesthetic solutions. Furthermore, other
key factors to achieve their wide-scale implementation are the cut-
ting of production costs, reducing the environmental impact and
increasing the final efficiency of the system [6,7]. With respect to
this last point, the design of the system plays a vital role in order
to reduce possible losses, which can be due to angular and spectral
response, temperature, low irradiance (orientation and shading),
dirt and dust, Ohmic heating, module mismatch and different
manufacturing tolerances.
http://dx.doi.org/10.1016/j.apenergy.2014.09.088
0306-2619/ 2014 Elsevier Ltd. All rights reserved.
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a b s t r a c t
Building-integrated photovoltaics (BIPV) is a growing reality worldwide and its development involves
implementing techniques to log and estimate the solar resources available. In this paper an easy
methodology for the pre-classification of façades in BIPV projects has been described. This step is pre-
vious to the calculation of the complete solar potential in a building, and don't include the shape and
shading factors. The proposed methodology covers the development of a new model that allows the
irradiation factor (IF) to be estimated on façades with only 2 input parameters: the latitude of the place
and the azimuth angle of the photovoltaic generator. The necessary tools to assess the “Energetic Effi-
ciency Rating” for BIPV facades are provided, as an initial stage to be applied by architects and engineers.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction
Building-integrated photovoltaics (BIPV) is a growing reality
worldwide and its development involves implementing techniques
to log and estimate the solar resources available. That estimation is
commonly named the BIPV potential, which can be classified ac-
cording to the availability of data, regional characteristics, spatial
resolution and the methodology used [1]. Furthermore, it is
necessary to differentiate between four different types of photo-
voltaic potential [2]:
- Theoretical potential: All the available solar irradiation in a
geographical region, based on its climate and without taking
into account any type of technical or geographical limitations
[3,4].
- Geographical potential: The fraction of the theoretical potential
that is useable, i.e., due to the area and shape of the building.
This potential also includes the shading factor because of the
urban form and the natural topography [5,6].
- Technical potential: The irradiation that is technically usable also
taking the efficiency of the photovoltaic modules, and other
equipment into account [7,8]. The technical potential of BIPV has
been addressed by the analysis of the energy and exergy of the
BIPV elements integrated with the coating of the building,
which is known as building-integrated photovoltaic-thermal,
BIPVT, [9e12]. Different BIPV products have already been
developed, as described in Refs. [13,14].
- Economic potential: The proportion of the economically usable
technical potential from a macroeconomic perspective [15].
Research into geographical potential is reviewed below, with an
emphasis on façades in BIPV as this is the approaches related to the
proposal of this paper.
Several models have been proposed to estimate the BIPV
geographical potential in a specific place. Brito et al. [16] put for-
ward a 3D solar model. The procedure that they used was LiDAR
(Light Detection and Ranging) data analysis using the ArcGIS Solar
Analyst tool. LiDAR is recommended at city and district level,
[17,18]. Molin et al. [19] analysed the photovoltaic potential ac-
cording to the electricity demand for Linkoping in Sweden. Basi-
cally, they used GIS data, Ecotect and PVsyst programmes. Esclapes
et al. [20] generated 3D maps from different solar irradiance data
sources and cadastral mapping. They concluded that for Spain the
most suitable facades for BIPV are those with approximate orien-
tation of 30.
By contrast, the “Potential for BIPV” report by the International
Energy Agency (IEA) [21], mentions that the architectural
* Corresponding author.
E-mail addresses: lfmulcuen@unal.edu.co (L.F. Mulcue-Nieto), llanos@lcc.uma.es
(L. Mora-Lopez).
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0360-5442/© 2017 Elsevier Ltd. All rights reserved.




















































































































§ Mediante	 simulación,	 se	 calculó	 el	 Performance	 Ratio	 de	 sistemas	 BIPV	
ubicados	 en	 ciudades	 de	 baja	 latitud,	 considerando	 todas	 las	 superficies	
posibles.	 Se	 encontró	 que	 el	 PR	 tiene	 una	 variación	 de	 más	 del	 20%	 entre	
diferentes	 ciudades,	 mientras	 que	 dentro	 de	 una	 misma	 edificación	 puede	
variar	hasta	en	un	15%.	Estos	resultados	ratifican	que	la	práctica	generalizada	





sistemas	 de	 BIPV,	 teniendo	 como	 base	 sólo	 4	 variables	 de	 entrada:	 La	





§ Se	desarrolló	una	nueva	metodología	para	establecer	 los	 límites	de	pérdidas	
por	 inclinación,	 orientación	 y	 sombreado,	 en	 sistemas	 de	 BIPV.	 Con	 esta	
metodología	 se	 pueden	 elaborar	 normas	 técnicas	 para	 cualquier	 país	 del	










§ Según	cálculos	 realizados	de	pérdidas	máximas	por	orientación	e	 inclinación	
para	 diferentes	 ciudades,	 se	 evidencia	 que	 lugares	 con	 valores	 mayores	 de	
irradiación	solar,	 cuentan	con	más	 	 flexibilidad	para	 la	BIPV.	Tomando	como	
base	 a	 la	 norma	 técnica	 de	 España,	 CTE,	 se	 mostró	 que	 países	 ubicados	 en	
bajas	latitudes	tienen	más	posibilidades	de	superficies	para	destinar	a	BIPV.	
	





§ Se	 propuso	 un	 modelo	 matemático	 que	 permite	 estimar	 el	 factor	 de	
irradiación	FI	en	 fachadas	con	solo	dos	parámetros	de	entrada:	 la	 latitud	del	
lugar	 y	 el	 ángulo	 de	 acimut	 del	 generador	 fotovoltaico.	 Este	 modelo	 es	
altamente	preciso	y	evita	realizar	una	simulación	compleja	que	utiliza	más	de	
30	 ecuaciones	 y	 4000	 operaciones.	 La	 ecuación	 se	 validó	 satisfactoriamente	
mediante	 el	 uso	 del	 sitio	 web	 PVwattsR.	 Además,	 la	 expresión	 propuesta	
también	 se	 puede	 utilizar	 con	 fines	 educativos,	 ya	 que	 permitirá	 realizar	
cálculos	 rápidos	 sin	 la	 necesidad	 de	 utilizar	 software	 comercial.	 Así	 mismo,	



























§ The	 performance	 of	 an	 “average	 photovoltaic	 system”	 in	 each	 city	 was	
estimated,	 finding	PR	values	 that	vary	by	more	 than	20%,	while	within	each	






latitude,	 and	 the	 tilt	 and	 orientation	 angles	 of	 the	 photovoltaic	 generator	
plane.	 This	 model	 has	 a	 high	 degree	 of	 precision,	 and	 is	 equivalent	 to	
performing	 a	 complex	 simulation,	 using	 algorithms	 with	 more	 than	 40	
equations	and	20,000	operations.	
	
§ A	 methodology	 was	 proposed	 to	 calculate	 the	 maximum	 losses	 allowed	 by	
orientation	and	shading,	in	BIPV	systems.	The	procedure	can	be	used	for	any	
country,	 starting	 with	 another	 country	 that	 has	 a	 technical	 standard	 in	 this	
regard.	
	
§ According	 to	 calculations	 of	 maximum	 losses	 due	 to	 orientation	 and	
inclination	 for	 different	 cities,	 it	 was	 evident	 that	 places	 with	 greater	 solar	










§ Regarding	 the	 limits	of	 shading	 losses,	 in	Colombia	 the	 limits	are	 lower	 than	
those	 allowed	 for	 Spain.	 This	 is	 because	 it	 has	 a	 greater	 fraction	 of	 diffuse	
radiation	than	the	European	country.		
	
§ A	 mathematical	 model	 was	 proposed	 that	 allows	 estimating	 the	 irradiation	
factor	FI	on	facades,	with	only	two	input	parameters:	the	latitude	of	the	place	
and	 the	 azimuth	 angle	 of	 the	 photovoltaic	 generator.	 This	 model	 is	 highly	
accurate	and	is	equivalent	to	performing	a	complex	simulation	that	uses	more	
than	 30	 equations	 and	 4000	 operations.	 The	 equation	 was	 successfully	
validated	through	the	use	of	 the	PVwattsR	website.	 In	addition,	 the	proposed	
expression	 can	 also	 be	 used	 for	 educational	 purposes,	 as	 it	 allows	 quick	
calculations	without	the	need	of	use	commercial	software.	Also,	this	equation	
can	 be	 used	 in	 places	 where	 PVwattsR	 does	 not	 work	 well,	 especially	 in	
locations	outside	the	United	States.		
	





initial	 step	 in	 the	design	process	 of	BIPV	projects,	 before	 calculating	 the	 full	

























































































"Concurso	 Latinoamericano	 y	 Caribeño	 en	 Energías	 Renovables	 y	 en	 Eficiencia	
















tiene	 presencia	 en	 Colombia,	 Perú,	 Guatemala	 y	 Brasil.	 Se	 participó	 con	 el	 trabajo:	








International	 Mentorship	 Foundation	 for	 the	 Advancement	 of	 Higher	 Education	
(IMFAHE)		
http://www.imfahe.org/es 	















































































 El Vicerrector de Proyectos Estratégicos INFORMA: 
 
 
Una vez finalizado el proceso de selección para participar como MENTEE/ASESORADO 
DE LA UNIVERSIDAD DE MÁLAGA en el Programa Internacional de Asesoramiento (IMP)  
2016-2017, puesto en marcha por la International Mentorship Foundation for the 
Advancement of Higher Education (IMFAHE) y en el que participa la Universidad de 






Malaga, 11 de Noviembre de 2016 
 
 
Víctor Fernando Muñoz Martínez 














[1]	 J.	 Kanters	 y	 M.	 Horvat,	 «Solar	 Energy	 as	 a	 Design	 Parameter	 in	 Urban	 Planning»,	
Energy	Procedia,	vol.	30,	pp.	1143-1152,	2012,	doi:	10.1016/j.egypro.2012.11.127.	
[2]	 C.	 R.	 Osterwald,	 «Translation	 of	 device	 performance	 measurements	 to	 reference	





[4]	 M.	 A.	 Green,	 Solar	 Cells:	 Operating	 Principles,	 Technology	 and	 System	 Applications.	
University	of	New	South	Wales,	1998.	




for	 estimating	angular,	 spectral	 and	 low	 irradiance	 losses	 in	photovoltaic	 systems	using	an	
artificial	neural	network	model	in	combination	with	the	Osterwald	model»,	Sol.	Energy	Mater.	
Sol.	Cells,	vol.	96,	pp.	186-194,	ene.	2012,	doi:	10.1016/j.solmat.2011.09.054.	





[9]	 Senado	 de	 la	 República	 de	 Colombia,	 Ley	 855	 de	 2003.	 Definición	 de	 Zonas	 No		
Interconectadas	al	SIN.	2003.	
[10]	 B.	 Y.	 H.	 Liu	 y	 R.	 C.	 Jordan,	 «The	 interrelationship	 and	 characteristic	 distribution	 of	
direct,	 diffuse	 and	 total	 solar	 radiation»,	 Sol.	 Energy,	 vol.	 4,	 n.o	 3,	 pp.	 1-19,	 jul.	 1960,	 doi:	
10.1016/0038-092X(60)90062-1.	


























[18]	 N.	 Martin	 y	 J.	 M.	 Ruiz,	 «Calculation	 of	 the	 PV	 modules	 angular	 losses	 under	 field	
conditions	by	means	of	an	analytical	model»,	Sol.	Energy	Mater.	Sol.	Cells,	vol.	70,	n.o	1,	pp.	25-
38,	dic.	2001,	doi:	10.1016/S0927-0248(00)00408-6.	
[19]	 M.	 Jantsch,	 H.	 Schmidt,	 y	 Schmid,	 «Results	 on	 the	 concerted	 action	 on	 power	
conditioning	and	control»,	en	11th	European	photovoltaic	Solar	Energy	Conference,	Montreux,	
1992,	pp.	1589-1592.	
[20]	 F.	 Almonacid,	 C.	 Rus,	 P.	 Pérez-Higueras,	 y	 L.	 Hontoria,	 «Calculation	 of	 the	 energy	
provided	by	 a	 PV	 generator.	 Comparative	 study:	 Conventional	methods	 vs.	 artificial	 neural	
networks»,	Energy,	vol.	36,	n.o	1,	pp.	375-384,	ene.	2011,	doi:	10.1016/j.energy.2010.10.028.	
[21]	 T.	 Sugiura,	 T.	 Yamada,	 H.	 Nakamura,	 M.	 Umeya,	 K.	 Sakuta,	 y	 K.	 Kurokawa,	
«Measurements,	 analyses	 and	evaluation	of	 residential	PV	 systems	by	 Japanese	monitoring	
program»,	 Sol.	 Energy	 Mater.	 Sol.	 Cells,	 vol.	 75,	 n.o	 3–4,	 pp.	 767-779,	 feb.	 2003,	 doi:	
10.1016/S0927-0248(02)00132-0.	
[22]	 L.	M.	 Ayompe,	 A.	 Duffy,	 S.	 J.	McCormack,	 y	M.	 Conlon,	 «Measured	 performance	 of	 a	
1.72	kW	rooftop	grid	connected	photovoltaic	system	in	Ireland»,	Energy	Convers.	Manag.,	vol.	
52,	n.o	2,	pp.	816-825,	feb.	2011,	doi:	10.1016/j.enconman.2010.08.007.	
[23]	 A.	 H.	 M.	 E.	 Reinders,	 Pramusito,	 A.	 Sudradjat,	 V.	 A.	 P.	 van	 Dijk,	 R.	 Mulyadi,	 y	W.	 C.	






[25]	 Gobierno	 de	 España.,	 «Código	Técnico	 de	 la	 Edificación	 –	HE5	Ahorro	 de	 Energía	 –	
Contribución	Fotovoltaica	Mínima	de	Energía	Eléctrica».	2009.	
[26]	 N.	 R.	 C.	 Government	 of	 Canada,	 «RETScreen	 International.»,	
http://www.retscreen.net/,	 ago.	 24,	 2013.	 http://www.retscreen.net/	 (accedido	 ago.	 24,	
2013).	
[27]	 J.	M.	Sancho	Ávila,	J.	Riesco	Martín,	C.	Jiménez	Alonso,	M.	C.	Sánchez	de	Cos	Escuin,	J.	
Montero	 Cadalso,	 y	 M.	 López	 Bartolomé,	 «Atlas	 de	 Radiación	 Solar	 en	 España»,	 Red	
Radiométrica	 Nacional,	 AEMET,	 2012.	 Accedido:	 oct.	 01,	 2013.	 [En	 línea].	 Disponible	 en:	
http://www.humboldt.edu/moved/account-moved.php?old=ccat&new=ccat.	
[28]	 «Agencia	 Estatal	 de	 Meteorología	 -	 AEMET.	 Gobierno	 de	 España»,	
http://www.aemet.es,	2013.	http://www.aemet.es	(accedido	oct.	01,	2013).	
[29]	 Instituto	 para	 la	 Diversificación	 y	 Ahorro	 de	 la	 Energía	 de	 España,	 «Pliego	 de	
Condiciones	 Técnicas	 de	 Instalaciones	 Aisladas	 de	 Red	 (Instalaciones	 de	 Energía	 Solar	
Fotovoltaica)».	2009,	Accedido:	ago.	20,	2013.	[En	línea].	Disponible	en:	http://www.idae.es/.	
[30]	 R.	Thomas,	Photovoltaics	and	Architecture.	London:	Taylor	&	Francis,	2012.	












[34]	 P.	 E.	 G.	 J.	 Kiss,	 Building-Integrated	 Photovoltaic	 Designs	 for	 Commercial	 and	
Institutional	Structures:	A	Sourcebook	for	Architects.	DIANE	Publishing.	
[35]	 J.	Cronemberger,	E.	Caamaño-Martín,	y	S.	V.	Sánchez,	«Assessing	the	solar	irradiation	






[39]	 «About	 the	 PVSItes	 project».	 https://www.pvsites.eu/project/	 (accedido	 jun.	 03,	
2020).	







[43]	 J.	 Zang	 y	 Y.	 Wang,	 «Analysis	 of	 Computation	 Model	 of	 Particle	 Deposition	 on	








[47]	 S.	Wittkopf,	 S.	Valliappan,	 L.	 Liu,	K.	 S.	Ang,	 y	 S.	 C.	 J.	 Cheng,	 «Analytical	 performance	
monitoring	 of	 a	 142.5	kWp	 grid-connected	 rooftop	 BIPV	 system	 in	 Singapore»,	 Renew.	
Energy,	vol.	47,	pp.	9-20,	nov.	2012,	doi:	10.1016/j.renene.2012.03.034.	




part	 1:	 Theoretical	 study»,	 Energy	 Build.,	 vol.	 141,	 pp.	 69-82,	 abr.	 2017,	 doi:	
10.1016/j.enbuild.2017.02.042.	
[50]	 A.	P.	Dobos,	 «PVWatts	Version	5	Manual»,	National	Renewable	Energy	Lab.	 (NREL),	
Golden,	CO	(United	States),	NREL/TP-6A20-62641,	sep.	2014.	doi:	10.2172/1158421.	
[51]	 E.	 Caamaño	 Martín,	 «Edificios	 fotovoltaicos	 conectados	 a	 la	 red	 eléctrica:	
caracterización	y	análisis»,	phd,	E.T.S.I.	Telecomunicación	(UPM),	1998.	
[52]	 G.	 TamizhMani,	 «Solar	 ABCs	 Policy	 Recommendation:	 Module	 Power	 Rating	
Requirements».	2011.	
[53]	 M.	Alonso-Abella	y	F.	Chenlo,	«A	model	 for	energy	production	estimation	of	PV	grid	
connected	 systems	 based	 on	 energetic	 losses	 and	 experimental	 data	 on	 site	 diagnosis»,	 en	
19th	European	Photovoltaic	Solar	Energy	Conference,	Paris,	jun.	2004,	pp.	2447-2450.	
[54]	 J.	 Leloux,	 L.	 Narvarte,	 y	 D.	 Trebosc,	 «Review	 of	 the	 performance	 of	 residential	 PV	
systems	in	France»,	Renew.	Sustain.	Energy	Rev.,	vol.	16,	n.o	2,	pp.	1369-1376,	feb.	2012,	doi:	
10.1016/j.rser.2011.10.018.	







different	 photovoltaic	 technologies	 in	 the	 Colombian	 geography»,	 IOP	 Conf.	 Ser.	 Mater.	 Sci.	
Eng.,	vol.	59,	p.	012012,	jun.	2014,	doi:	10.1088/1757-899X/59/1/012012.	
	
	
	
	
	
	
 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
